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PERFORMANCE AT MACH 3.52 OF A MACH 2.5 ALL
EXTERNAL-COMPRESSION, TWO-DIMENSIONAL INLET
by Robert W. Cubbison

National Aeronautics and Space Administration
Lewls Research Center
Cleveland, Ohio 44135

SUMMARY

A quick-look test was conducted in the Lewis 10- by 10-foot super-
sonic wind tunnel to provide some qualitative information on operating
a low Mach number design inlet in a highly oversped condition. The
model which is a two-dimensional, three-ramp, all-external-compression
inlet designed to match a J-85 turbojet engine at Mach 2.5 was run at
Mach 3.52 and zero angle-of-attack and yaw. The inlet was operated as
both a fixed and variable gecmetry inlet.

For the fixed geometry inlet the second and third ramp angles were
kept at the Mach 2.5 position of 10 and 11 degrees, respectively. Se-
vere buzz occurred at Mach 3.52 and attempts to eliminate it by in-
creasing the angle of attack to increase the fixed first ramp angle
were unsuccessful.

In the variable geometry phase, three sets of angle combinations
were used; 18° + 5%, 15° + 13°, and 15.37° + 9.58°. The latter set
were e:perimentally found to be those for shock-on-lip operation. The
theoretically predicted capture mass-flow ratio for the 15.37° + 9.58°
combination was 0.99 for zero cutback in the side fairings. Experimen-
tally the capture mass-flow ratio was 0.05 less than predicted due to
spillage over the cutback side fairings and cowl.

The results of optimizing the diffuser ramp position (bleed door
90 percent open) were the 18° + 5° combination produced the highest
recovery (0.433) and the lowest distortion (0.055). The 15° + 13 com-
bination bled the least amount of flow (0.111) while the 15.37° + 9,58°
combination captured the most flow (0.927) and delivered the most to
the engine (0.79). The dynamic distortion level was 0.04 to 0.06 of
the average compressor face total pressure in all cases. Using the
optimum fourth ramp setting and reducing the amount of ramp bleed in-
dicated the 18° + 5° combination again produced the highest recovery
(0.441) and lowest distortion (0.125). Again the 15.37° + 9.58° com-
bination captured the most flow (0.892) and delivered the most to the
engine (0.812). This combination also bled the least (0.079). Reduc-
ing the bleed did not affect the dynamic distortion levels in any of
the three ramp angle configurations.
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INTRODUCTION

Generally, the approach taken in the design of inlets is to pro-
vide high-recovery, shock-on-l1ip operation at the cruise Mach number.
Another approach could be to design the inlet for shock-on-lip opera-
tion at a lower Mach number and overspeed it to the high cruise con-
dition. An inlet so designed would be smaller and have zero spillage
drag over the entire overspeed range. However, a rapid reduction in

: the internal performance is inherent in overspeeding a low Mach number
design inlet. In contrast, an inlet designed for the high Mach cruise
condition maintains relatively high performance over the entire Mach
range. However, this higher performance must be tempered by the larger
drag due to both the larger inlet plus the spillage drag incurred. A
measure of the internal performance of the inlets is necessary to make
meaningful comparisons between the two approaches. Considerable in-
formation is contained in the literature on the off-design performance
of high Mach number design inlets. However, little information is
available on low Mach number inlets run in a highly oversped condition.
To provide some qualitative information in this area, a quick-look test
was added to a current Mach 2.5 1nlet dynamic distortion program using
a two-dimensional, external-compression inlet. For this overspeed test,
the inlet was operated at M = 3.52 (the maximum Mach number in the 10-
by 10-foot supersonic wind tunnel). The results of this testing are
the subject of this report.

LIST OF SYMBOLS

BL ramp bleed door position in percent of full open ‘
D compressor face annulus height, 14.75 cm

d radial distance from hub of compressor face

dist steady-state total pressure distortion, PZ’Qmax - PZ’Emin/bz

He inlet capture height, 40.8 cm at o = 0° {
Mo free-stream Mach number

W ape/mg  capture mass-flow ratio, m3 + mpp + mgp/mg

mgg/mg ramp-bleed mass—flow ratio

' mgp/mg total side wall bleed mass-flow ratio ‘
mz/mo engine face mags-flow ratio -
Py free-stream total pressure
Py average compressor face total pressure
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é P22 compressor face local t.tal pressure

; PZ/PO average compressor face total pressure recovery

é Px local static pressure

% Ry Reynolds number/mcter

§ ! RMS average dynamic total pressure distortion, avg. APRMS/PZ
.% wB/8 engine corrected airflow, kgm/sec

§A x/Hc axlal distance from cowl lip in capture heights

% a angle of attack, deg

% B angle of yaw, deg

% APpys root-mean-square value of the fluctuating component of the
& compressor face local total pressure

!

A ramp angle: degrees for 1, 2, 3; centimeters for 4
APPARATUS AND PROCEDURE

A photograph of the model in the tunnel plus schematic views of
the inlet are shown in figure 1. It is an all-external-compression
type sized to match the J-85 engine at Mach 2.5 in the Lewis 10- by 10-
foot supersonic wind tunnel. The two~dimensional compression system
(fig. 1(c)) consists of three ramps, the first of which is fixed at a
three—degree angle relative to the engine centerline, while the second
and third ramps are remotely variable. The subsonic diffuser consists
of a remotely variable fourth ramp (about one engine face diameter long)
followed by a nearly constant area section of about two engine-face di-
ameters. Both the 10° internal-angle cowl and cutback side fairings
have sharp leading edges. The side fairings are swept back to an angle
, of 20.5° relative to the inlet horizontal centerline. This angle is
; 5.32° less than the Mach 2.5 shock wave angle for a 9° effective first
ramp angle. (Normal inlet operation is at 6° angle-of-attack). A slot
located between ramps three and four is the primary system of boundary
. layer control. This bleed exits overboard through the top surface
. (fig. 1(b)). A small secondary bleed along the cowl shock line was in-
stalled in the side walls. This flow exits overboard through a rear-
ward facing scoop on each side of the inlet (fig. 1(a)). The inlet was
mounted above the tunnel centerline and upside down in order to minimize
blockage and realize a larger available angle of attack range. The
photograph (fig. 1(a)) shows the inlet rolled 30°. For the Mach 3.5
test it was rolled back to 0°.
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The inlet-engine compatibility study for which the inlet was
built encompassed only the Mach 2.0 to 2.5 portion of the 10~ by 10-
foot supersonic wind tunnel operating range. At these Mach numbers
the free-stream temperature is alout 311 K. At Mach 3.5 the temper-
ature is about 422 K. Consequently, when this quick-look test was
added at the end of the compatibility study is was necessary to make
several modifications to the model. Cocling was added to the position
indicators, jumpers on pressure tubes were changed and the elaborate
compressor face dynamic instrumentation was replaced with five three-
tube rakes. The compressor face tube arrangement is shown in figure 2.
Due to the amount of disassembly required to change all jumpers ¢n in-
strumentation only that which was readily accessible and absolutely
needed was changed.

RESULTS AND DISCUSSION

Normally, as the design speed of an inlet 1s increased the amount
or complexity of the variable geometry required is also increased. By
operating the inlet in a highly oversped condition it may be possible
to completely eliminate the need for variable geometry capability be-
yond the low-speed, design-point requirements. To explore this con-
cept, the Inlet was operated as both a fixed and variable geometry in-
let. For the fixed geometry data, the second and third ramp angles
(fig. 1(c)) were fixed at the Mach 2.5 positions of 10° and 11°,
respectively.

Fixed Geometry

It 1s obvious from the effect of Mach number on oblique shock
angles, that the inlet capture mass-flow of a fixed-geometry inlet
quickly increases to 100 percent as the Mach number is increased above
design. This satisfies the zero spillage drag during coverspeed oper-
ation. However, another equally important consideration is the effect
of the oblique shocks falling farther inside as the overspeed Mach
number is increased. With the inlet operating at critical (terminal
shock at the lip), part of the capture flow 1s subjected to a single
shock on the cowl side and part to a multi-shock system on the ramp
side separated by one or more vortex sheets trailing aft from the
shock Intersections. Because of the disparity in losses between the
two compression systems, either large distortions (1if the flow 1s
stable) or inlet buzz can result. Buzz occurs when the flow in the
low energy region is stagnated by the subsonic diffuser increasing
the static pressure up to the remaining total pressure. Supercriti-
cal operation will delay the onset of this buzz, however, distortion
levels will, in general, rise quickly. The fixed geometry configura-
tion was tried at zero degrees angle-of-attack (ramp angles of 3°,
10°, and 11°) with the mass-flow control plug set to position the
terminal shock in the ramp bleed slot. Severe buzz occurred. At-
tempts to alleviate this buzz by increasing angle-of-attack to stecp-
en the shock angles was unsuccessful. Supercritical operation was
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not tried. Consequently, no data were recorded for the fixed geometry
concept.

Variable Gecmetry

The basic premise of the variable geometry iw0d: was to sub-
ject the entire flow field to more than just normal shock compression.
This would reduce the total pressure losses thereby reducing the pos-~
sibility of buzz due to flow stegnation. Three combinations of the
second plus third ramp angles (15.37° + 9.58°, 18° + 5°, and 15° + 13°)
were evaluated at zero degrees angle~of-attack. This first set was
determined experimentally as the only combination that produced "shock-
on-11ip" operation. For the other twe combinations, the oblique shock
system fell ahead of the lip. Theoretical shock par <rns determined
from a one-dimensional, inviscid analysis are shown in figure 3. The
analysie predicted a detached wave at the cowl lip 1n two cases
(figs. 3(a) and (r)) which was contirmed visually in the testing. For
the shock-on-1ip combination (fig. 3(a)) an increase of 2.2° in the
internal cowl angle would prevent detachment and thus the associated
spillage. However, the trade-off in drag would have to be evaluated
to determine if the 2.2° increase 1s wanted. The cutback side fair-
ings will spill flow whenever the oblique shocks generated by the ramps
appear above the side fairing leading edge. These cutbacks increased
the stable range and improved maneuvering capability at the design
Mach number. If such capability is not required in an application us-
ing an oversped inlet then the cutback can be eliminated thus elimin-
ating the spillage. The analysis indicated a supersocnic total pres-
sure recovery of about 0.50 for all three angle combinations and cap-
ture mass flow ratios (not adjusted for side wall spillaze) of 0.99,
0.95, and 0.90 for the 15.37° + 9 58°, 18° + 5%, and 159 + 139,
respectively.

The effect of fourth ramp position on critical inlet performance
is shown in figures 4through 8. Prior experience at Mach number 2.5
had shown that the performance wculd maximize at some fourth ramp po-
sition below the flush position as defined in figure 1(c). At the
lower Mach number it was observed that with the tourth ramp flush and
the mass flow control plug set for the assumed critical airflow, the
terminal shock was ahead of the cowl lip. As the fourth ramp was low-
ered (with the mass-flow-control plug fixed), the terminal shock was
observed to first move downstream into the 1nlet, obviously reverse
the movement at same fourth ramp position and move forward with further
ramp reduction until either buzz occurred or the ramp was fully col-
lapsed. Inlet pressure recovery increased to a maximum and then fell
off gradually as the fourth ramp was lowered. This maximum generally
occurred at an intermediate fourth ramp position between the shock te-
versal position and the buzz limit or full collapse. At this height
the bleed slot was approximately parallel to the local cowl surface
and the tourth ramp angle was generally at or below that where the
flow would remain attached to the ramp. Repeating this procedure at
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Mach 3.52 it was observed that the inlet responded much in the same
manner as it did at Mach 2.5. Critical operation was determined with
the fourth ramp flush by positioning the terminal shock at the cowl
1ip with the mass-flow control plug. As shown in figure 4(a), the
performance of the 15.37° + 9.58° ramp angles was still increasing at
a fourth ramp position of -2.95 centimeters. At this position some
unsteadiness was observed ii the visible shock structure and further
reduction in height was not tried. Increasing the internal cowl 1ip
angle about 3° to attach the internal shock may alleviate this un-
steadiness and permit more fourth ramp movement to optimize the per-
formance. The performance of the 18° + 5° combination (fig. 4(b)) in-
dicates that possibly the optimum could cccur ~t a higher position
than the -1.58 centimeter position. The 159 + 13° combination

(fig. 4(c)) behaved in the expected manner except for the very high
distortion levels encountered. In all three cases the lowest ramp
setting shown was the buzz limit position. Based on this limited
amount of data on these three ramp angle combinations, the 189 + 59
combination produced the highest recovery (0.433) and lowest distor-
tion (0.055). The 15° + 13° angles bled the least amount of flow
(0.111 total) and the 15.37°9 + 9.58° combination captured the maxi-
mum flow (0.927) and delivered the most tc the engine (0.7Y). All
three combinations produced RMS levels of about 0.04 to 0.06. The
maximum capture for all three combinations was about 0.05 below the
predicted values indicating about 0.05 1in spillage over the cut-
back side fairings and cowl. As the fourth ramp was lowered, the
capture quantity generally decreased. The reason for this will be
discussed later.

Earlier experience at low Mach numbers has shown that distortion
levels on the order of 0.15 were indicative of fourth ramp flow sep-
aration. The compressor face profiles of figures 5(a) and (b) bear
this out. Rakes 1 and 5 (downstream of the fourth ramp) show the flow
is separated, however, the trend toward attachment is evident with the
15.379 + 9.58° angles (fig. 5(a)). A fourth ramp position lower than
-2.95 centimeters could possibly achieve attachment 1f the buzz limit
can be extended. In figure 5(b)(18° + 5°), the ~2.59 centimeter posi-
tion which produced 0.125 distortion shows a tendency for the flow to
separate from the fourth ramp. The separation apparent in figure 5(c)
(15° + 13°) is on the cowl side. The fourth ramp position is consid-
erably lower to optimize the performance of the 15° + 13° combination
than for the other two combinations This ramp position in conjunction
with the ramp bleed slot could cause sufficient turning of the flow on
the ramp side to pull the flow off of the cowl. The dynamic activity
(fig. 6), as expected, is predominately larger in the high flow rigions
of the diffuser. Although the average dynamic distortion is about 0.04
to 0.06, levels in excess of 10 percent cof the average compressor face
total pressure level are apparent for all ramp configurations.

Static pressure distributions along the forward position of the
inlet cowl ure shown in figure 7. The px/Po for Mach 1.0 shown on
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the figure is simply 0.5283 of the cowl lip total pressure recovery
estimated from the shock patterns of figure 3. As previously dis-
cussed, the inviscid analysis (fig. 3) and schlieren observations
show the cowl 1lip shock wave was attached in one case and detached in
the other two cases with an obvious normal shock ahead of the lip in
the 15° + 13° case. The data (fig. 7) verify this, in that, the flow
entering the cowl 1lip of the 18° + 5° case ts supersonic and subsonic
for the 15° + 13° combination. However, in the 15.37° + 9.58° case
where the flow angle was 2.2% beyond wave derachment, evidently the
flow quickly re-accelerates to supersonic conditions as indicated by
the corresponding pressure distributions (fig. 7(a)). The pressure
distributions for the 15.37° + 9.58° and the 15° + 13° combinations
(figs. 7(a) and (c)) indicate the passage between the cowl lip and
fourth ramp leading edge contracts back to the start of the bleed
slot and expands across the slot. The expanding region is caused by
the flow removal through the bleed. This is evident from the initial
compression indicated by the pressure distributions followed by the
sharp expansion in this region in the 15.37° + 9.58° case and the ini-
tial acceleration of the entering subsonic flow of the 15° + 130 case
followed by the change 1in rate of acceleration at the leading edge of
the bleed slot (A4 =-5.08 cm, fig. 7(c)). 1In the 15.37° + 9.58° case
the flow 18 re-accelerated to supersonic conditions and then passes
through the terminal shock which occurs near the rear edge of the
bleed. For the A4 = - 5.08 centimeter point in the 15° + 13° case,
the flow is probably re-accelerated to supersonic conditions followed
by a second terminal shock. In the other instances the back pressure
prevents choking. Pressure distributions for the 189 + 59 combination
(fig. 7(b)) indicate the area is slightly increasing in the first part
followed by an additional increase caused by the bleed region. Con-
sequently, the terminal shock will stand anywhere in the region as
dictated by the exit corrected airflow. Also, evident for all three
configurations 1s an increase in pressure level in the forward region
of the duct as the fourth ramp height is lowered indicating an in-
creagsed back-pressure level in the inlet. A cross plot of the pres-
sure nearest the cowl 1lip versus fourth ramp height is shown in fig-
ure 8. The 18° + 5° combination shows the small rise as the fourth
ramp is lowered and the 15° + 13° combination shows the largest rise
as the fourth ramp is lowered. The increases in back-pressure cor-
relate quite well with the decreases in the corresponding capture
mass-flows shown in figure 4.

With the fourth ramp set at the selected optimum height, the ef-
fect of the amount of ramp bleed on critical inlet performance was
determined. The results presented in percent of full door opening
are shown in figures 9 through 13. Previous experience at Mach 2.5
has shown that the inlet performance responds to ramp-bleed reduction
in a manner similar to that with variations in fourth ramp positions.
Decreasing the bleed door exit area caused an increase in pressure re-
covery with a corresponding increase in engine mass flow for the fixed
corrected airflow. The ramp bleed decreased and the side-wall-bleed
increased. The distortion and RMS generally increased. Again the
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189 + 5° combination produced the highest recovery (0.441l) and the lowest {
distortion (0.125). The 15.37° + 9.58° combination bled the least (0.079
total) captured the maximum amount of flow (0.892) and delivered the most
to the engine (0.812). Again the RMS levels were about 0.04 to 0.06. For
a constant corrected airflow an increase in recovery requires an increase
in mass-flow. The recovery increases noted here were not large enough to
require an engine mass-flow iucrease equal to the bleed reduction. Con-
sequently, the spillage increased as indicated by the decrease in capture
mass-flow. During the testing, small changes were observed to take place
in the external shock structure as the bleed opening was reduced. These
changes apparently account for the increase in spillage.

Comparing figures 5 and 10, it 1s apparent that reducing the ramp
bleed produced no significant change in the compressor face total pres-
sure profiles. Also, a comparison between figures 6 and 11 (at compar-
able fourth ramp settings) shows that little change was made in the dy-
namic pressure profiles when the ramp bleed was reduced. The static pres-
sure distributions (fig. 12) respond in much the same manner with bleed
reduction as with fourth ramp variation. The flow in the 15.37° + 9.58°
case is again re-accelerated to supersonic conditions by the action of
the bleed slot. In the 15° + 13° case, the flow is subsonic for all
bleed door srttings. The shock positions in the 180 + 5° case are
close to the cowl 1lip for the various door settings. The acceleration
produced by the bleed slot is evident in the subsonic flow (x/chs 2/7).

A cross plot of the most forward static pressure is presented in
figure 13. These pressures show very little variation compared to those
of figure 7. Apparently, the changes visually observed in the external
shock structure provided the required spillage without affecting enough
of the cowl-side flow field to cause significant changes in pressure
levels at the cowl lip station. The pressure cl.ange noted in the
15° + 13° case would account for about 25 percent of the change in cap-
ture shown in figure 9(c).

Inlet operating maps were obtained for two configurations; the
15.37° + 9.589, -2.74 centimeters, 41 percent door opening and the
180 + 50, -3,1 centimeters, 50 percent door opening. The first con-
figuration was selected because of high capture flow with reasonable
recovery while the second was chosen on the basis of recovery and bet-
ter distortion characteristics. Inlet performance plus the compressor
face profiles and static pressure distributions are shown in figure 14
through 17. As previously discussed, optimizing the fourth ramp and
bleed door positions resulted in additional spillage from changes in
the external shock structure caused by the increase in inlet back-
pressure. Consequently, in the two cases here, the engine mass flow
would be expected to increase as the pressure recovery is reduced. As
seen in figure 14, the increase 1in mass flow (0.75 to 0.775) 1is more
obvious for the 18° + 5° case than for the 15.37° + 9.58° case which
was from 0.812 to 0.818. Since the bleed flows {except for the most
supercritical point in the 18° + 5° case) remain essentially constant,
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the increase in engine mass-flow (0.02) is due to an increase in cap-
ture flow. The remaining 0.006 in engine tflow is due to the reduction
in blerd (primarily the ramp bleed). Only a small increase (0,006) is
realized in the 15.37° + 9.58° case. The fairings of the inlet canes
were drtermined from the static pressure distributions shown in fig-
ure 15%. All points except the minimum stable or peak point show sup-
ersonic flow at the aft edge cf the bleed slot for the 15.37° + 9.58°
configuration (fig. 15(a)). In the 18° + 5° case the last two points
show supersonic conditions (fig. 15(b)). Changes in the external flow
field can occur until the flow chokes. Therefore, the increases in
engine mass-flow were primarily due to changes in the external shock
structure until the flow choked and after choking from any bleed re-
ductions that occur. Supercritical operation with the 180 + 50 con-
figuration produced reasonable steady-state distortion levels of 0.06

to 0.125 and dynamic distortion levels of 0.036 to 0.086. The steady-
state distortion levels in the 15.37° + 9.58° case increased rapidly
from 0.21 to 0.72. The dynamic distortion levels of 0.06 to 0.087

were comparable to those for the 18° + 5° case. The high steady-state
levels are due to the flow separatiag from the fourth ramp. This sep-
aration could possibly be alleviated by lowering the fourth ramp fur-
ther, however, to do this the shock system unsteadiness previously
discussed would have to be eliminated. If (as suggested earlier) in-
creasing the cowl lip angle is either not feasible or desirable, then
re-contouring the ramp and/or moving the hinge line aft is a possibil-
ity. This would reduce the initial angle of the subsonic diffuser by
lengthening the fourth ramp which could eliminate the flow separation.
An improvement in the Mach 3.52 performance would be expected and could
also be beneficial at the lower Mach numbers. The extent of the flow
separation is shown in the total pressure profiles of figure 16.

Rakes 1 and 4 (fig. 16(a)) show that no flow passes through the ramp
side region of the compressor face. At the more supercritical condi-
tions there is some indication of reverse flow in this region. 1In the
flow core (middle of rake 2) the maximum Mach number is near sonic for
the most supercritical condition. Total pressure profiles for the

18° + 50 case are shown in figure 16(b). The tip or ramp side portions
of rakes 1 and 5 show that separation was eminent if the inlet had been
operated more supercritical. The distortion for the last recorded
point was 0.125 which is approaching the 0.15 level that experience
with this inlet has shown to be associated with separation. The dynamic
total pressure profiles are shown in figure 17. As expected, the most
turbulence is in the high flow region of the duct and obviocusly more
pronounced in the 15.37° + 9.58° case (fig. 17(b)). Both configurations
exhibited about the same average levels (fig. 14). However, the

15.37° + 9.58° configuration displays wide variations across rakes 2
and 3 while the 18° + 5° case shows a much more uniform distribution
across the same rakes.

CONCLUSIONS

A quick-look test was conducted in the 10- by 10-foot supersonic
wind tunnel to provide some q.ulitative information on operating a low
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Mach number design inlet in a highly oversped condition. The model
which is a two-dimensional, three-ramp, all-external-compression inlet
designed to match a J-85 turbojet engine at Mach 2.5 was run at Mach
3.52 and zero angle-of-attack and yaw. The inlet was operated as both
a fixed and variable geometry inlet. For the fixed geometry portion
the second and third ramp angles were fixed at the Mach 2.5 position
of ten and eleven degrees, respectively. In the variable geometry
phase, three sets of angle combinations (18° + 50, 15° + 139, and
15.379 + 9.58°) were used. The following conclusions were obtained.

1. Using the Mach 2.5 ramp angles (fixed geometry approach) at
Mach 3.52 resulted in severe buzz and attempts to eliminate it by in-
creasing the angle-of-attack were unsuccessful.

2. The second and third ramp angles for shock-on-1lip operation
were experimentally found to be 15.379 and 9.58°, respectively.

3. Theoretical estimates predicted capture mass-flow ratios of
0.99, 6.95, and 0.90 for the 15.37° + 9.58°, 18° + 59, and 15° + 13°
ramp angle combinations, respectively.

4, The experimentally determined maximum capture mass-flow ratio
was 0.05 less than predicted values due to spillage over the outback
side fairings and cowl.

5. The results of optimizing the position of the fourth ramp
(bleed door 90 percent open) were the 18° + 5° combination produced
the highest recovery (0.433) and lowest distortion (0.055), the
15° + 13° angles bled the least (0.111 total), the 15.37° + 9.58° com-
bination captured the maximum flow (0.927) and delivered the most t.
the engine (0.79), and the dynamic distortion was 0.04 to 0.06 for all
three sets of ramp angles.

6. The results of reducing the ramp bleed (fourth ramp set at
optimum) were the 18% + 5% combinaticn produced the highest recovery
(0.441) and the lowest distortion (0.125), the 15.37° + 9.58° combin-
ation bled the least (0.079 total) and captured the maximum flow
(0.892) and delivered the most to the engine (0.812), and tie dynamic
distortion was 0.04 to 0.06 for all three configuratioms.
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